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Abstract 

Although theoretically attractive, the reversibility of resistance has proven difficult in practice, even though antibiotic resistance 
mechanisms induce a fitness cost to the bacterium. Associated resistance to other antibiotics and compensatory mutations 
seem to ameliorate the effect of antibiotic interventions in the community. In this paper the current understanding of the 
concepts of reversibility of antibiotic resistance and the interventions performed in hospitals and in the community are 
reviewed. 
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Introduction 

Bacteria can acquire antibiotic resistance through 
mutations (1), or through incorporation of DNA 
from other bacteria via horizontal gene transfer (2). 
Long before the introduction of antibiotics for 
treatment of infections, environmental bacteria had 
developed various antibiotic resistance mechanisms in 
response to the presence of antibacterial substances 
produced by other organisms in their environment or 
by themselves (3). In clinical isolates from the 
pre-antibiotic era plasmids able to transfer genetic 
elements by conjugation were present (4,5), but 
antibiotic resistance was not expressed (3). The intro- 
duction of resistance mechanisms in these plasmids, 
the development of new resistance mechanisms, and 
the spread of these mechanisms thus seem to have 
occurred during the last 70 years (3). 

A bacterium will acquire antibiotic resistance as a 
response to the environment. Although mutations will 
cause antibiotic resistance in some cases (1), the most 
important mechanism for the acquisition of antibiotic 
resistance is horizontal gene transfer (HGT), in Enter- 
obacteriaceae mainly mediated by conjugation (2). 
The acquisition of the mutation/resistance gene might 



impose a fitness cost, usually measured as a decreased 
growth rate, on the bacterium (6-12). The fitness cost 
will be deleterious to the newly resistant strain unless 
exposed to a continuous antibiotic selection (9) and/or 
a rapid development of compensatory mutations 
(13,14). The antibiotic selection pressure will 
additionally contribute to the dissemination of the 
resistance gene both through clonal expansion and 
through spread to new bacteria of the same or other 
species (15). The clonal expansion within the host will 
increase the probability of further successful spread to 
other hosts (15). For the 'newly born' resistance 
mechanism to become clinically significant, the 
mechanism should affect a clinically used antibiotic 
and be introduced into a pathogen with high epidemic 
potential (16-18). The newly incorporated resistance 
mechanism is unlikely to be the only resistance 
mechanism in the bacterium as an isolate resistant 
to one antibiotic is prone to be resistant to one or 
more other antibiotics. This phenomenon is called 
associated resistance (19). The observed fitness cost of 
resistance genes/mutations (6-12) is a prerequisite for 
reversibility of antibiotic resistance by reduced antibi- 
otic use. Mathematical models have predicted a faster 
reversibility in hospital settings than in the community 
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due to the dynamics of individuals moving in and out 
of the system studied (20) . However, so far the clinical 
evidence for reversibility is limited (21,22). 

It has been shown that some antibiotic resistance 
mechanisms confer a measurable fitness cost in vitro 
(9,12,23). The postulated fitness cost has influenced 
the construction of mathematical models on antibiotic 
resistance development (20,24,25), leading to the idea 
that a reduction in antibiotic use would counteract the 
selection of resistant organisms and allow expansion of 
more fit susceptible strains and/or loss of genes encod- 
ing antibiotic resistance. This would result in a drop in 
the frequency of resistance as measured in bacteria 
isolated in clinical samples. These in vitro studies have 
typically measured the fitness cost as the difference in 
growth rate between strains with and without resistance 
to defined agents (9, 1 2,23) . Experimentally, resistance 
has been incorporated in well-defined susceptible 
strains through HGT (26) or by induction of resistance 
mutations (9). The constructed iso-genic pair is 
allowed to compete in a common culture. The strain 
dominating the culture after a certain number of 
generations is considered the more fit strain. Only 
occasionally have horizontally transferred resistance 
mechanisms been shown to confer a substantial fitness 
cost (27) . Sometimes such acquisition of resistance has 
been neutral (26-28) or even beneficial for the studied 
strain (29-33). 

However, measuring growth rate is not the only way 
of estimating fitness. Several other factors will help to 
determine the survival and establishment of resistant 
strains in bacterial populations. For example, the 
incorporation of an Escherichia coli strain in the intes- 
tinal flora will depend on the growth rate but also on 
features affecting colonization and virulence of the 
resistant strain (i.e. adherence factors etc.) (34). 
Additionally the flora composition at challenge (35) 
and the selective pressure by antibiotics (36) will 
affect the survival of the strain. All these factors taken 
together will affect the epidemiological fitness (24,37- 
39) of a resistance mechanism — growth rate, trans- 
mission capacity (39), transmission dynamics in rela- 
tion to selection (37), and persistence despite a lack of 
selective pressure (38). In this context there is a 
special interest in uncommon antibiotic resistance. 
In E. coli, resistance to both mecillinam and nitrofur- 
antoin is typically reported to be below 5%. We have 
shown that these isolates are distributed within the 
whole E. coli population and do not seem to aggregate 
in successful uropathogenic clones (40). This might 
be due to the fact that both nitrofurantoin resistance 
(12) and mecillinam resistance (unpublished data) are 
associated with a fitness cost. In this case the fimess 
cost seems to prohibit these antibiotic resistance 
mechanisms to become epidemiologically successful. 



Interventions on antibiotic use 

In agriculture the ban on avoparcin caused an initial 
dramatic decrease in the levels of glycopeptide 
resistance in enterococci isolated from pigs and pig 
farm environments. This was facilitated by the normal 
fate of most pigs, but, interestingly, low levels of 
glycopeptide resistance still remain on the investi- 
gated farms and is predicted to remain for a long 
time (41). The use of antibiotics changes over time. 
Only rarely do we manage to design drugs with novel 
targets in bacteria. There are instances where resis- 
tance development has necessitated drastic changes in 
antibiotic use. In other cases the discovery of serious 
side effects has caused pronounced shifts. Planned 
interventions on antibiotic use to reduce antibiotic 
resistance have been performed mainly in hospital 
settings, but there are a few examples of interventions 
in communities, usually in response to emerging 
resistance problems. 



Hospital 

A number of shifts in antibiotic policy in hospitals in 
response to the emergence of resistance problems 
have been reported over the years (42-48). Most of 
these studies have been in response to a situation 
where a ward or a hospital has experienced a high 
level of resistance to third-generation cephalosporins 
or carbapenems. In some of these the high levels have 
been due to a high prevalence of a specific resistant 
clone (46). Some have shown a decisive reduction in 
antibiotic resistance in response to an antibiotic shift 
(45,47), while others have reported no effects (43). In 
several of these studies there has been an increase in 
resistance to other antibiotics, carbapenems (47) and 
fluoroquinolones (48). The overall effect on antibi- 
otic resistance of interventions focusing on a single 
antibiotic in hospitals can thus be questioned. 
However, some programmes with antibiotic cycling 
strategies in wards highly exposed to a single broad- 
spectrum antibiotic have been proven effective to 
reduce the rate of bacteria producing extended spec- 
trum beta-lactamases (ESBL) (49). Although these 
approaches have been reported successful, the trend 
in almost all reports from all over the world shows 
increasing rates of antibiotic-resistant bacteria. Thus, 
patients will increasingly often be colonized with 
multi-resistant bacteria already at admission (50- 
53), and the effect of a sudden shift in antibiotic 
policy to reduce the spread of these organisms in 
hospitals will eventually diminish. Increasing multi- 
resistance will render any antibiotic an efficient selec- 
tive force for keeping almost any resistance (48). 
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Community 

In the community two large studies have shown a 
possibility of decreasing antibiotic resistance through 
community-wide interventions (21,22). Both studies 
were performed in response to a sudden dramatic 
increase in antibiotic resistance. The first study was 
conducted in Finland in response to a nationwide 
increase in erythromycin resistance in Streptococcus 
pyogenes. National recommendations advocating a 
decreased use of macrolide antibiotics were launched 
at the end of 1991 (21). During 1992 the use of 
macrolides decreased from 2.40 to 1.38 DDD/ 
TIND and remained at this level during the study 
period. The increase in erythromycin resistance in 
5. pyogenes seen in 1992-1993 was followed by a 
significant decrease in 1994 and 1995. However, 
closer examination of the data presented in the article 
reveals that the use of macrolides significantly 
decreased already in 1989. The reduction in macro- 
lide resistance was thus seen 5 years after the initial 
decrease in macrolide sales, indicating that other 
factors than the decreased use might have contributed 
to the decrease in resistance seen in 1994-1995. Later 
it was shown that one clone of 5. pyogenes, being 
resistant to erythromycin only, seemed to be respon- 
sible for the increase in macrolide resistance (54). 
Thus, the observed differences might have been 
natural fluctuations, although probably enhanced 
both by the macrolide use in the late 1 980s and later 
the decrease in macrolide consumption. 

In Iceland, resistance to penicillin in Streptococcus 
pneumoniae increased from 1989 to 1993. This initiated 
a nationwide campaign to reduce the prescriptions of 
antibiotics. The reductions and changes in consump- 
tion together with restrictions on day care centre 
attendance for children colonized with non-susceptible 
5. pneumoniae resulted in a decrease in the frequency of 
penicillin non-susceptible pneumococci (PNSP) (22). 
However, in 2006 it was shown that this decrease was 
short-lived as a continued conservative use of antibiotics 
was not accompanied by a sustained low level of PNSP. 
This was attributed to a clonal spread of successful 
PNSP serotypes (55,56). Two recent studies on 
S. pyogenes (57) and 5. pneumoniae (58) further empha- 
size the importance of successful resistant clones as an 
important cause of both the rise and fall of resistance in 
bacteria not considered as normal flora. The Korean 
study on 5. pyogenes showed that a nationwide decrease 
in erythromycin resistance was due to a decrease of a 
certain resistant emm-type rather than due to decreased 
erythromycin use (57). In 5. pneumoniae, successful 
multi-resistant clones have been shown to have 
increased fitness despite the accumulation of antibiotic 
resistance, challenging reduced antibiotic use to be 



effective in controlling these clones. A large proportion 
of these clones, however, belonged to serotypes covered 
in the 7-valent conjugate vaccine now being used, thus 
limiting their spread (58). In Enterobacteriaceae the 
impact of antibiotic restriction policies seems very lim- 
ited. In 2010 we published a study on the possibility to 
reverse trimethoprim resistance in E. colihy decreasing 
trimethoprim use in the community during 2 years. The 
use of trimethoprim dropped dramatically by85% atthe 
start of the intervention and kept at this low level during 
2 years. Despite this, the effect on trimethoprim resis- 
tance in E. coli was shown to be marginal, and the 
fraction of trimethoprim mono-resistant E. coli was 
not affected by the intervention. Clinical isolates of 
E. coli resistant to trimethoprim only or in combination 
with ampicillin and/or nalidixic acid resistance did not 
display any fitness cost in vitro (59). This finding might 
be due to compensatory mutations (60,61). The no- 
effect of the intervention was judged to be due to the 
non-existing fitness cost and the high levels of associated 
resistance to other antibiotics used during the interven- 
tion (59) . Generalizing from the results from this study, 
reducing the consumption of one antibiotic might delay 
the development of antibiotic resistance but not reverse 
it. This is in line with the earlier, retrospective, studies 
on E. coli from Great Britain where trimethoprim- 
sulphamethoxazole was used until 1991 when its pop- 
ularity gradually declined because of its adverse effects. 
Formal prescribing restrictions were implemented in 
1995, and in the period up to 1999 there was a 97% 
decrease in the consumption of trimethoprim-sulpha- 
methoxazole. Despite this, the frequency of resistance 
to sulphamethoxazole among E. coli was virtually 
unchanged in 2004 (62,63). Partly using the same set 
of isolates, it was later shown that streptomycin resis- 
tance remained stable although the use in Great Britain 
had been very low for the last 30 years (63,64). In this 
perspective it is important to highlight that after the 
intervention in Kronoberg county trimethoprim resis- 
tance has increased dramatically from 11%-13% in 
2008 to a level around 19% in E. coli in 2013 (personal 
communication G. Kahlmeter). 

Two more recent studies have, however, shown that 
a reduction in antibiotic use could result in decreased 
resistance firequencies in E. coli (65,66). Butler and co- 
workers followed the antibiotic prescriptions and resis- 
tance rates in a large number of Primary Health care 
centers (PHCCs) in Wales and could show that the 
PHCCs having the largest reduction in ampicillin 
(AMP) and trimethoprim (TMP) prescriptions during 
7 years also experienced a decrease in the correspond- 
ing resistance in E. coli in their communities. The 
decrease was 58.7% to 53.5% for AMP and 29.1%) to 
25.7% for TMP resistance (65). No data were pre- 
sented giving the reader a chance to evaluate whether 
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Country (ref.) 




Species 


Antibiotic (s) 


Intervention/evaluation 


Study design 


Resistance 
frequency 


Finland (21) 


5. 


pyogenes 


Macrolides 


Nationwide/nationwide 


Prospective 


Decrease 


Island (22) 


5. 


pneumoniae 


p-lactams and more 


Nationwide/nationwide 


Prospective 


Decrease 


Great Britain (62,63) 


E. 


colt 


SXT 


Nationwide/local 


Retrospective 


Increase 


Great Britain (64) 


E. 


coli 


streptomycin 


Nationwide/local 


Retrospective 


No effect 


Sweden (59) 


E. 


colt 


TMP, SXT 


County/county 


Prospective 


Marginal 
effect 


Great Britain (65) 


E. 


coli 


AMP, TMP, and more 


PHC/PHC 


Retrospective 


Decrease 


Israel (66) 


E. 


coli 


FQX 


County/county 


Retrospective 


Decrease 



AMP = Ampicillin; FQX = Fluoroquinolones; SXT = Trimethoprim-sulfamethoxazole; TMP = Trimethoprim. 



the small decrease was continuous or extrapolated 
from two measurements. Importantly, the decrease 
was from a very high level of resistance, and the change 
could not possibly affect the empirical utility of these 
drugs. Gottesman and co-workers presented data on 
ciprofloxacin resistance in E. coli in relation to a 
nationwide restriction in ciprofloxacin use in Israel 
(due to a threat of anthrax attacks). Interrupted time 
series analysis showed a significant decrease in cipro- 
floxacin resistance from 12% to 9% in the course of a 
6-month intervention, gradually reaching a reduction 
firom 7,000 DDD/month to 4,500 DDD/month (66). 
The study has several limitations. There was little 
information on methodological or interpretative 
aspects of susceptibility testing. Thus, associated resis- 
tance rates in fluoroquinolone-resistant E. coli were 
not reported or discussed. The rapid effect on resis- 
tance rates is theoretically unlikely as recent data 
indicate the initial fitness cost of fluoroquinolone 
resistance in E. coli to be rapidly compensated for (14). 

In view of the results of the seven studies performed 
so far on the effects of reduced antibiotic use in the 
community (Table I), together with the pronounced 
associated resistance rates and seemingly low epide- 
miological fitness cost of resistance determinants, we 
should probably not expect that even major antibiotic 
interventions will dramatically affect resistance rates 
in the community (41). However, new strategies 
might prove efficient to counteract resistance devel- 
opment in some species. Vaccination against impor- 
tant serotypes of 5. pneumoniae has been proven 
effective in reducing antibiotic resistance in clinical 
infections (58,67). 

Conclusions 

The potential of reversing antibiotic resistance 
through the reduction of antibiotic use will be depen- 
dent on the fitness cost of the resistance mechanism. 



the epidemic potential of the bacteria/strain, and the 
transmission route of the species. Both 5. pyogenes and 
5. pneumoniae have a well-known epidemic potential 
(68-72). The transmission routes for E. coli and other 
Enterobacteriaceae are more indirect and will be 
dependent on living standards, water, and food supply 
(73,74). These differences are probably of great 
importance and should be incorporated in new strat- 
egies aiming at limiting the burden of antibiotic 
resistance. 

So far, we may have overestimated the usefulness of 
a strategy for reversing antimicrobial resistance based 
on the fitness cost of resistance. We have at the same 
time underestimated the conserving effects of associ- 
ated resistance and the fundamental importance of 
clonal spread of both susceptible and resistant clones 
especially among bacteria not being part of our 
commensal fiora. We can expect every molecule of 
antibiotics wherever present to select for the persis- 
tence of antibiotic-resistant strains (75). The normal 
faecal flora is an important reservoir for the develop- 
ment and selection of resistant bacteria. The carriage 
of ESBL-producing E. coli has increased dramatically 
during the last years, underlining the importance of 
the continuous selection of subpopulations of already 
resistant bacteria in the faecal fiora. Globalization, 
the rapid and frequent traveling and the increasing 
international market exchange of foods and feeds, 
and modern health care will increase the spread 
and selection of resistant bacteria favouring the 
persistence of multi-resistant bacteria. 

Importantly, this situation, where antibiotic resis- 
tance does not seem obviously reversible, must not 
make us reluctant to impose the measures that might 
postpone the increase in antibiotic resistance. The 
overall use of antibiotics must be reduced. The 
prudent use of antibiotics should always be promoted. 
Prudent means: always appropriate, less in many 
cases, but occasionally some patients will need 
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more and broader treatment. Narrow-spectrum anti- 
biotics with low impact on the normal flora should in 
most cases be promoted, and antibiotics with a low 
propensity of clonal spread of resistance due to high 
fitness costs should be used. In addition vaccination 
strategies should be implemented where appropriate 
both to reduce the burden of antibiotic resistance but 
also to reduce the need for antibiotic treatment, and 
stringent enforcement of infection control measures 
within hospitals must be instituted and rigorously 
upheld in every institution involved in health care. 

Declaration of interest: The authors report no 
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